All-dielectric, high refractive index nanostructures offer marvelous ability to efficiently confine and manipulate light at the nanoscale based on their enticing potentials to control both optically induced electric and magnetic Mie resonances [1] [2] [3] [4] . During recent years, the interplays of a wealth of Mie-type resonant modes have unveiled many novel physical phenomena such as unidirectional scattering 5 -8 , magnetic Fano resonances 9 , bound states in the continuum 10, 11 and nonradiating optical anapoles 12, 13 .
Among these intriguing observations originating from multimodal interference in dielectric nanostructures, optical anapole holds extraordinary features characterized by vanishing far-field scattering accompanied with highly nontrivial near-field distributions. The anapole state is strongly related to the excitation of a toroidal dipole (TD), which is out-of-phase with the coexisting electric dipole (ED), resulting in the destructive interference in the far field 14 . In the meantime, the optical induced displacement currents inside the nanostructures produce tightly confined near-fields to resonantly enhance the local density of photonic states.
The discovery of the general existence of optical anapoles in dielectric nanostructures immediately spurred intensive investigations on diverse applications. Engineered anapole states have been used to tailor light scattering in the far field for inducing optical transparency 15, 16 or rendering novel pure magnetic dipole source 17 . Functional anapole metamaterials and metasurfaces featuring high quality factors have been shown great potentials in optical modulation and sensing 18, 19 . More importantly, energy concentration in the subwavelength volume associated with anapole modes facilitates tremendous near-field effects. As such, onrushing developments in boosted light-matter interactions utilizing anapole-mediated hotspots including nonlinear harmonic generation [20] [21] [22] , nanoscale lasing 23 , broadband absorption 24 , strong coupling with plasmon 25 or molecular excitons 26, 27 and enhanced Raman spectroscopy 28, 29 have been witnessed. With rapid developments featured, the full potential amalgamating all the benefits in both far-field and near-field from optical anapoles to further advance nanophotonic devices remains tantalizing perspective.
In this report, we discover a giant photothermal nonlinearity mediated by anapole states within a single silicon (Si) resonator and demonstrate its nonlinear scattering for super-localization nanoscopy.
Leveraging their maximized electromagnetic near-fields, anapole modes mediate a boosted photothermal nonlinearity by four orders of magnitude higher than that of bulk Si, or nearly oneorder-of-magnitude outperforming the radiative ED-driven enhancement for similar sized Si nanostructures. A record-high photothermal refractive index change up to 0.5 upon a mild laser radiance intensity of / 2 can be achieved through optically pumping a Si nanodisk at the wavelength close to the anapole mode. The giant photothermal nonlinearity thus offers an active mechanism for dynamic tuning of far-field radiation from multipolar modes. The normalized scattering cross-sections can be reversibly regulated from -0.9 to 1.1, corresponding to 200% self-modulation spanning from scattering suppression to enhancement, due to the progressive transition of dominant modes from bright state to low-radiating dark state and further moving towards the bright state. 
Results
The principle is schematically illustrated in Fig. 1 . A Si nanodisk illuminated by a continuous wave (CW) laser beam converts incident light into heat, which raises the disk temperature substantially [30] [31] [32] .
Photothermal mechanism responsible for the refractive index variation, manifested by the continuous red-shifting of Mie resonances under light excitation, allows for tunable optical responses of the silicon nanodisk. With rationally designed dimensions of the Si nanodisk, the associated anapole mode can be actively engineered and tuned in the vicinity of the excitation wavelength. Hence, the illumination radiance required for the large refractive index modulation of the Si nanodisk can be efficiently reduced via anapole-assisted absorption enhancement. As the laser intensity increases, excitation of initial scattering bright mode experiences shifting towards anapole mode (will be discussed in detail below), which induces saturation of scattering (SS) 33 and significant reduction of the scattering intensity ( Fig. 1b and c) . Further shifting the excitation away from non-radiating anapole to ED mode exhibits a sharp increase of scattering intensity, which we denote as reverse saturation scattering (RSS). We will show in the following paragraphs that anapole-driven nonlinear dependence of scattering on excitation herein can be actively controlled in a reversible manner without the need to physically alter the dimensions of the nanostructure or change the environment.
The anapole state is an engineered superposition of toroidal and electric multipoles presenting in well-designed dielectric structures. Pioneering work has uncovered the disk geometry with its extreme structural simplicity providing efficient platforms to support the anapole mode in the visible region 14 .
To As we have shown in Fig.1b , the scattering intensity displays a strong nonlinear response with increasing excitation radiances. Such nonlinearity can be analyzed by examining the PSFs of scattering signals at the focus of the microscope 33, [36] [37] [38] [39] . Fig.2d presents how PSFs of scattering from isolated Si nanodisks evolve with the increase of excitation intensities. When the laser intensity is low, the PSF fits well to a Gaussian function with full width at half maximum (FWHM) of 230 nm. The shape of the PSF changes dramatically with saturation of scattering. At deep saturation, a doughnut-like PSF appears with its intensity profile manifesting a deep valley ( Fig.2d (d-3) ), corresponding to the radiationless nature of anapole. Further increases of excitation intensities, a sharp peak emerges from the center, indicating the onset of reverse saturation (shown in Fig. 2d (d-4) ). Strong RSS which is indicated by the central peak dominates the PSF as the excitation continues to increase ( Fig.2d (d-5) ).
The evolution of PSF profiles can be ascribed to an intensity-dependent nonlinear scattering behavior of Si nanodisks, which can be quantified by taking the ratio of scattering over incident intensity derived from the curve in Fig.1b . As shown in Fig.2e , the normalized scattering cross-section stays constant at the initial linear regime, then decreases to 0.1 for the largest SS, and again drastically rises to 1.1 for RSS, corresponding to 200% modulation spanning from scattering suppression to enhancement. The nonlinear scattering modulation is fully repeatable and reversible ( Fig. 2f ).
Switching the laser intensity from a high power density level (which is adequate to induce RSS) to a lower one, full recovery of scattering intensity, as well as corresponding PSFs measured from the same nanodisk have been examined. This ensures the scattering behavior of a single silicon nanodisk can be actively and reversibly engineered.
The anapole mode supported by the Si nanodisk is clarified both by simulation and experimental measurements (supplementary Fig. S1 ). The anapole state is featured by a significant dip in the total far-field scattering spectrum, accompanied by unique near-field distribution as we show in Figs Fig. 3c and supplementary Fig. S2 ). Such elevated temperatures will lead to essential tuning of complex refractive index in both real and imaginary parts, particularly in the thermal sensitive visible wavelength region 40 (also see Supplementary Fig. S3 ). In the temperature range from RT to 950℃, the change of the refractive index in real part is = 0.5 at a moderate laser intensity of 1. thermo-optic effect, holding fundamental importance in nonlinear Si photonics. We will show in the following that, unlike the absorption ascribed to all multipole modes of the nanodisk keep increasing with temperature ( Fig. 3d ), the scattering can be desirably manipulated in response to optical heating of anapole mode, thus yielding exotic nonlinear optical scattering.
The two-dimensional simulation map of scattering cross-section is plotted in Fig.3e to examine the spectral response and the tuning range of Mie resonances with temperature increments.
The corresponding photothermal-induced Mie resonance shifts thus are under simple estimation to be ∆ ≈ ∆ / ≈ 60 . Such spectral shifts are indeed observed in Fig.3e . The pronounced scattering maxima and minima (marked by the dashed lines for eye guidance) undergo continuous redshifts with elevated temperatures. Approximate ∆ ≈ 50 of anapole mode shifting is obtained, in good agreement with the above estimation. The achieved resonance tuning ∆ /~10% represents a remarkable improvement compared with previous studies using liquid crystals or thermo-optic effect [42] [43] [44] [45] . We also remark here that free-carrier contributions are ruled out by the fact that they lead to a negative ∆ , which causes the blue shift of the resonance 46 .
Increasing the temperature from room temperature (RT) to around 500℃ by laser illumination, allows for suppressing the scattering cross-section from 2.310 -14 m 2 to 0.610 -14 m 2 (Fig. 3e-g) , corresponding to 74% modulation. This agrees qualitatively with the experimental observation of 90% suppression of normalized cross-section from linear to SS in Fig. 2e . The large modulation depth is attributed to the fact that the excitation laser delicately operates in the vicinity of photothermaltuning anapole positions. The remarkable slope in far-field scattering spectrum near anapole mode enables pronounced changes of scattering cross-sections under a small spectral tuning (Fig. 3f ). The bottom panels in Fig. 3f further depict the near-field distributions excited at the wavelength of 532 nm, providing a clear progress that the illumination laser initially excites the lower-energy-side of anapole mode, and then gradually approaches resonant with the anapole mode and finally excites the ED mode again.
To this end, we are able to establish the relationship between nonlinear scattering and the incoming light intensity for single Si nanodisks. The intensity-dependent scattering can be derived as = • and is depicted in Fig. 3h , which shows a considerable similar trend with the experimental results shown in Fig. 1b . It is worth noting that, in the experiments, we actually recorded the backward scattering with PMT. Hence, more simulations are performed for total scattering and the forward scattering as a function of temperature variations (supplementary Fig. S4 ). Similar results are observed which excludes the scattering modulation originating from the redistribution of forward and backward radiation.
To illustrate the crucial importance of anapole-driven nonlinearity, calculations are also performed for another two representative sizes of Si nanodisks (Fig. S5) . For a smaller-sized nanodisk (D=170nm), the overall photothermal tuning occurs near its ED mode. We show that ED-mediated process presents much weaker photothermal nonlinearity by the fact of temperature increasing less than 200℃ at the laser intensity of 1.2510 6 / 2 . The corresponding nonlinear refractive index 2 = 0.08 2 / , which is five times lower than anapole-assisted process. In addition, its scattering cross sections undergo slight decreasing when increasing the excitation intensity, resulting in negligible SS. On the contrary, for large-diameter nanodisk, its original anapole mode coincides with 532 nm laser at RT. Elevated temperatures induce the anapole red-shifting away from the exciting wavelength, leading to a monotonical increase of scattering cross sections. Thus, a directly sharp RSS is achieved. Similarly, such saturation scattering induced by photothermal nonlinearity has been reported by optical heating the magnetic quadrupole 47 .
Leveraging this appealing photothermal nonlinear scattering, we demonstrate the potential for super-resolved localization of dielectric nanostructures. As we already show in Fig. 2d , the nonlinear behaviors of scattering dramatically change the PSFs under a confocal laser scanning microscope. In particular, RSS is featured by a sharp peak that emerges from the center of PSF. Such small spike in the central PSF provides the opportunity to super-localize the position of the nanodisk. As shown in Fig.4a , we extract the narrow FWHM by taking the difference between two scattering images obtained at RSS and SS stages [48] [49] [50] . The outer contour of the RSS image can be subtracted over the SS image with r to be the subtractive factor, leaving a clear and sub-diffraction spot in the image. The exhibited 41nm FWHM displays a striking localization capability which is remarkably smaller than the size of the nanodisk itself.
Notably, the scattering image of a nanodisk at high irradiances is drastically different from the confocal imaging in homogeneous media where the giant photothermal nonlinearity leads to the failure of the spatial invariance 51 . To gain better understanding of the super-localization imaging, we begin with the raster scanning scattering image of a nanodisk. The scattering image of a nanodisk located at a given position (r) actually depicts the scattering-rate distribution, which can be given as 52 S( , r) = | ( ) • ( , )| 2 , where ( ) denotes the unit vector of excited multipolar mode which is intensity dependent, ( , ) represents the electric field at the position of the nanodisk at certain impinging intensity, and is a constant (supplementary Fig. S6 ). The bright and dark regions in the scattering image at high powers clearly indicate the different scattering state by different multipole modes. In specific, the scattering pattern of a spike in the center of a doughnut shape in RSS manifests the gradual transition from radiationless anapole mode to ED when scanning close to the peak of the focal spot. Nevertheless, the differential image with 41-nm FWHM showcases a superior accuracy for localizing the center of both the nanodisk and supported multipole modes remarkably beyond its physical size.
As Fig. S8 , and video for more results). By utilizing the same differential excitation technique, super-localization images shown in Fig.4c are achieved, and they are all in perfect correspondence with the SEM image in Fig.4b .
The resolution of images acquired at different stages is plotted in Fig. 4d . The best resolution corresponds to the very beginning of RSS whilst the signal to noise ratio is barely satisfactory. Strong RSS can induce better contrast while sacrificing a bit of resolution. Interestingly, PSF of SS generates a negative contrast. Taking the similar analogue of definition of resolution in ground state depletion (GSD) microscopy 53 , FWHM of the valley at the measured PSF can be regarded as the experimental resolution. The FWHM of the valley exhibits 150 nm, which is indeed remarkably below the diffraction limit. As SS corresponds to anapole mode excitation, this mode imaging method can be utilized to directly visualize the nonradiating optical state. Noteworthily, during the whole photothermal nonlinearity modulation processes, the irradiance range is far from thermal deformation of Si nanodisks and the super-localization nanoscropy is highly reproducible ( Supplementary Fig. S9 ).
Discussion
In summary, we have demonstrated a novel super-localization nanoscopy based on discovered Si nanodisks, self-organized PS spheres assembling in a hexagonally close-packing manner were prepared as the monolayer mask.
Thermal calculations:
The temperature growth inside the Si nanodisk is related to the absorbed power = according to 54, 55 ∆T = 4 (1) where is the thermal conductivity of the surrounding medium. In the present case for Si nanodisks on the glass substrate and immersed in the oil environment, was taken to be 0.38. is a dimensionless geometrical correction factor for a geometry with axial symmetry. For Si nanodisks with D/h=4, it is expressed as β = exp{0.04 − 0.0124 ln 4 + 0.0677 2 4 − 0.00457 3 4} . Req is the corresponding equivalent radius, calculated as the radius of a sphere with the same volume as the nanodisk. The temperature rising from initial RT (25℃) to the final temperature was divided into several intermediate steps and for each iteration, temperature-dependent optical absorption was firstly determined (Fig.3d ) and substituted into the formula (1). The derived gradual temperature increase under photothermal effect shows a nice agreement with the results from Raman measurement. The linear trend shown in the red dashed line in Fig. 3c represents temperature rises linearly with incident light intensities, providing an underestimation of the actual temperature without taking into account photothermal refractive index change.
Microscope system: The nonlinear scattering measurements were performed based on Abberior 775 STED confocal microscope (Abberior Instruments GmbH, Göttingen). We coupled continuous-wave laser line (532nm) into the system for CW illumination 37, 39 . The excitation beam was first spatially filtered and then focused onto the sample. Linear polarization excitation was obtained by imposing a half-wave plate on the laser beam. The backscattering signal was collected using the same objective lens, reflected by a beamspliter and detected by a photomultiplier tube (PMT) after a confocal pinhole.
The microscope images are obtained by synchronizing the PMT and the galvo mirror scanner.
Multipole decomposition:
The Cartesian electric and magnetic dipole, quadrupole moments and the toroidal dipole moments of a nanodisk were calculated using the standard expansion formulas 10 : electric dipole moment:
magnetic dipole moment: 
where = 0 ( − 1) is the induced current in the structure, is the position vector with the origin at the center of the nanodisk and , = , , .
Raman spectroscopy: Raman spectra was taken under a microspectroscopy system based on an inverted optical microscope (NTEGRA Spectra, NT-MDT). The experimental configurations were described in detail in a previous study 56 . Briefly, Si nanodisks were excited using linearly polarized 532nm lasers using an oil immersion objective (1.4 NA, 60×, Olympus). The resulting Raman signal with both stokes and anti-stokes lines was collected using the same objective, passed through a notch filter, and focused into the spectrometer with a cooled CCD (iDdus, Andor). Raman spectra were recorded over an acquirement time of 1 s. Resolution scaling at PSF obtained at different stages of nonlinear scattering.
